Activated white blood cells generate multiple oxidants in response to invading pathogens. Thus, hypochlorous acid (HOCl) is generated via the reaction of myeloperoxidase (from neutrophils and monocytes) with hydrogen peroxide, and peroxynitrous acid (ONOOH), a potent oxidizing and nitrating agent is formed from superoxide radicals and nitric oxide, generated by stimulated macrophages. Excessive or misplaced production of these oxidants has been linked to multiple human pathologies, including cardiovascular disease. Atherosclerosis is characterized by chronic inflammation and the presence of oxidized materials, including extracellular matrix (ECM) proteins, within the artery wall. Here we investigated the potential of selenium-containing indoles to afford protection against these oxidants, by determining rate constants (k) for their reaction, and quantifying the extent of damage on isolated ECM proteins and ECM generated by human coronary artery endothelial cells ). The selenocompound 2-phenyl-3-(phenylselanyl)imidazo[1,2-a]pyridine provided protection to human serum albumin (HSA) against HOCl-mediated damage (as assessed by SDS-PAGE) and damage to isolated matrix proteins induced by ONOOH, with a concomitant decrease in the levels of the biomarker 3-nitrotyrosine. Structural damage and generation of 3-nitroTyr on HCAEC-ECM were also reduced. These data demonstrate that the novel selenium-containing compounds show high reactivity with oxidants and may modulate oxidative and nitrosative damage at sites of inflammation, contributing to a reduction in tissue dysfunction and atherogenesis.
Introduction
A wide range of oxidants are intentionally generated in biological systems during both physiologic and pathological processes [1] . Activation of white blood cells results in the generation of superoxide radicals (O 2
•− ) and hydrogen peroxide (H 2 O 2 ) from NADPH oxidases (NOX) enzymes [2] , and the release of the enzyme myeloperoxidase (MPO) from neutrophils and monocytes [3] . H 2 O 2 can induce two electron oxidation reactions (with thiols or thioethers) or react with redox-active metal ions (mainly iron and copper) via single electron transfer to give radicals [1] . In the presence of physiological concentrations of chloride (Cl − ), MPO utilizes H 2 O 2 to generate the potent oxidant hypochlorous acid (HOCl) [3] [4] [5] . HOCl reacts with many biological targets [5] , and particularly rapidly with sulfur-and seleniumcontaining species [6] [7] [8] , but proteins are often major targets due to their high abundance and reactivity [9] [10] [11] . O 2 •-and H 2 O 2 are also generated by multiple other cell types including activated macrophages, along with nitric oxide (NO •   ) , which is generated from arginine by nitric oxide synthase enzymes (e.g. the inducible form, iNOS, present in multiple cells and especially macrophages) [1, 12] . Diffusion-controlled reaction of O 2
•-with NO
• radicals produces the potent oxidant peroxynitrous acid (ONOOH) [13, 14] , which is in equilibrium with its anion form (ONOO -) at physiological pH values (this mixture is designated ONOOH from hereon, as the acid form is the more reactive species) [12, 15] . ONOOH modifies a wide variety of biomolecules, including lipids [16] , proteins [17, 18] , nucleic acids [19] , carbohydrates [20] , thioethers (methionine) [21] and thiols [22] either through one-or two-electron reactions. Reaction of ONOOH with tyrosine (Tyr) residues, both free and on proteins, generates nitrated products including 3-nitrotyrosine (3-nitroTyr), a long-lived and readily detectable marker of reactive nitrogen species [23] .
These oxidant-generating systems play an important role in killing invading pathogens in vivo [24] , but excessive or misplaced generation has been associated with multiple human pathologies characterized by acute or chronic inflammation, including cardiovascular disease (atherosclerosis), rheumatoid arthritis, asthma, cystic fibrosis, some forms of cancer and neurodegenerative conditions [1] . Considerable evidence supports the presence of oxidized materials (e.g. chlorinated, hydroxylated, carbonyl-containing and nitrated compounds) at elevated levels on proteins in human atherosclerotic lesions (e.g. [23, [25] [26] [27] ). Modifications have been detected on both cellular and extracellular proteins including lipoproteins and extracellular matrix (ECM) components [28] [29] [30] [31] . ECM materials have been suggested to be major targets [31] , due the high abundance of these materials (e.g. elastin comprises 30-60% of the dry mass of many arteries [32] ), their long half-lives (which results in the accumulation of damage) and the relatively poor antioxidant defences and repair mechanisms present in extracellular compartments [33] . In particular, recent studies have provided evidence for modification to the major extracellular proteoglycan perlecan (PL) [34] , the glycoprotein fibronectin (FN) [35] , and laminin (LN) isoforms [36] , as well as other components of the ECM [37, 38] . Modification of these materials is associated with structural and functional changes, including altered ECM assembly, modified cell binding, proliferation and survival, changes in the binding of cytokines, growth factors and enzymes, altered enzyme activity, decreased atherosclerotic lesion stability and modified angiogenesis [38] . Furthermore, modified ECM materials have been shown to alter the expression of genes in cells exposed to modified ECM [38] .
In contrast to the high levels of low-molecular-mass protective agents present within cells (e.g. GSH levels of 2-10 mM [39] ), the extracellular compartment is poorly protected (cf. low-molecular-mass thiol concentrations of < 25 μM in plasma [40] ) and these protective mechanisms may be easily overwhelmed [1] . Consequently, supplementation of these defences by use of synthetic compounds may represent a promising pharmacological approach to minimize oxidative damage, as long as the added compounds are bioavailable and react with very high rate constants with biologically-relevant oxidants. It has been reported that seleno-containing compounds react more rapidly with some oxidants than their sulfur analogues [8, [41] [42] [43] , as a result of the greater nucleophilicity and more favourable redox properties of selenium compared to sulfur [43] [44] [45] [46] . Selenium is an essential trace element, and in the form of selenocysteine (Sec), plays a central role in the activity of several important protective enzymes, including glutathione peroxidase (GPx), thioredoxin reductase (TrxR), some isoforms of methionine sulfoxide reductases (Msrs) and selenoprotein P [46, 47] .
An increasing body of evidence supports the hypothesis that selenium-containing molecules modulate the activity of biologically-relevant oxidants and protect against inflammation-induced damage [46, 47] . The synthetic organoselenium compound ebselen, and the amino acid selenomethionine (SeMet) react more rapidly with ONOOH than their sulfur analogues [41] . Furthermore, other low-molecularmass selenium-containing compounds (selenols, selenides and, to a less extent, diselenides) also react with ONOOH, HOCl and secondary oxidants (e.g. chloramines) with high rate constants [8, 41, 48, 49] and can protect both isolated and plasma proteins from oxidative damage [8, 41, 48] . Evidence has also been presented for recycling (repair) of the oxidized selenium species (e.g. the selenoxides generated from selenides) by both low-molecular-mass thiols (e.g. GSH) and also enzymatic systems [49] [50] [51] . These data are compatible with a catalytic activity of these materials in removing oxidant species.
In the light of these data, the aim of the studies presented here was to investigate the kinetics of oxidation of novel 3-(arylselanyl)−1-Hindoles and 3-(phenylselanyl)imidazo [1,2a] pyridine derivatives against a range of biologically-important oxidants (HOCl, ONOOH and H 2 O 2 ) and to determine whether these compounds can protect purified human serum albumin (HSA), isolated matrix proteins (FN, LN, PL) and native ECM synthesized by human coronary artery endothelial cells (HCAECs), against oxidative damage.
Materials and methods

Materials
Four 3-arylselanylindoles (1-4) and 2-phenyl-3-(phenylselanyl) imidazo [1,2a] pyridine (5) (Fig. 1 ) were synthesized and purified at the Universidade Federal de Pelotas, Brazil as described previously [52] . All of these selenium-containing compounds were dissolved in dimethyl sulfoxide (DMSO) and then diluted into the relevant reaction systems. Control incubations had the corresponding concentration of vehicle (DMSO) added. All other chemicals were purchased from Sigma-Aldrich unless stated otherwise.
The concentration of human plasma-derived FN was calculated using a protein molecular mass of 450 kDa. The concentration of murine LN-111, isolated from Engelbreth-Holm Swarm (EHS) cells, was calculated using a protein molecular mass of 722 kDa [36] . PL was isolated and purified as described previously [34] , with the concentration calculated using a core protein molecular mass of 470 kDa. HCAEC-ECM was obtained as described previously [38] . All concentrations reported are final values unless stated otherwise. HOCl solutions were prepared daily by dilution of a concentrated stock solution (ca. 2 M in 0.1 M NaOH) into 10 mM phosphate buffer, pH 7.4 [53] . UV/visible spectroscopy was used to quantify HOCl using an extinction coefficient at 292 nm of 350 M −1 cm −1 [54] . Stock solutions of H 2 O 2 were prepared from concentrated commercial solutions using Milli-Q water. ONOOH was synthesized and stock solutions prepared in 0.1 M NaOH as described previously [55] , with the concentrations determined using its extinction coefficient at 302 nm [56] .
2.2. Determination of rate constants for reaction of selenocompounds with HOCl using competition kinetics with Fmoc-Met
The kinetics of the reactions of HOCl (6 µM) with the selenocompounds 1-5 ("scavenger"; 5-50 µM) were investigated in competition with Fmoc-Met (5 µM) at 21°C, in which the conversion of FmocMet to the Fmoc-Met sulfoxide is quantified, in the absence and presence of a putative scavenger [6, 8] . The yields of Fmoc-Met sulfoxide generated in the presence of increasing concentration of the selenocompounds (yield scavenger ) were determined by UHPLC and compared to the maximal yield in the absence of the added selenocompound (yield max ). Using a competition kinetic analysis, the yields are related by Eq. Rate constants for reaction of the selenocompounds 1-5 with ONOOH and H 2 O 2 were determined by competition kinetics using the reaction between CBA (0.5 mM, dissolved in DMSO) and ONOOH or H 2 O 2 as the standard "clock" reaction as reported previously [57] , with minor modifications. ONOOH and H 2 O 2 convert (non-fluorescent) CBA to the fluorescent product 7-hydroxycoumarin (COH), with the concentration of the later determined by fluorescence measurements in the absence (yield max ) and presence of increasing concentrations of the selenocompounds (yield scavenger ). Stock solutions of ONOOH (1 mM) and H 2 O 2 (0.5 mM) were prepared as described above and added directly to the samples (final concentrations: 50 µM ONOOH, 25 µM H 2 O 2 ). The selenocompounds were prepared as stock solutions (0.5 mM in DMSO, with the corresponding amount of DMSO added to the control incubations). The fluorescence yields were recorded with a SpectraMax i3 plate reader 30 min after ONOOH (λ ex 323 nm and λ em 455 nm) or H 2 O 2 (λ ex 350 nm; λ em 450 nm) addition, and also after 1, 2, 3, 4 and 5 h at 21°C. The kinetic analysis was carried out in a similar manner to that described above, using the linear expression: 
Protein oxidation
The protective effect of selenocompounds 1-5 against HOCl-mediated damage was assessed using human serum albumin (HSA) as the target. HSA (7.5 µM in 10 mM phosphate buffer, pH 7.4) was treated with various amounts of HOCl (10-, 30-, 40-, 50-, 60-, 70-, 80-, 90-, 100-fold molar excess compared to protein concentration), for 5 min at 21°C, and then subjected to SDS-PAGE with Coomassie Blue staining, to determine conditions under which significant protein damage was occurring. Subsequent experiments used 75-and 100-fold molar excesses of HOCl over protein to test possible protective effects of the organoselenium compounds, with 2-, 4-, and 8-fold molar excess of the compounds used compared to the protein concentration. The incubated samples were then submitted to SDS-PAGE analysis with Coomassie Blue staining. Pierce unstained protein standards (116-14.4 kDa) were used as reference.
To test the protective effect of selenocompound 5 against ONOOHmediated damage to ECM proteins, FN (0.5 µM), LN (1 µM), PL (225 nM) and HCAEC-ECM were diluted in 100 mM phosphate buffer, pH 7.4 and then incubated with ONOOH at the stated concentrations with or without added selenocompound at 0, 2-, 4-and 8-fold molar excess over the protein concentration, for 20 min at 21°C, before analysis by SDS-PAGE with Coomassie Blue staining, or Western blotting. In all cases representative data from multiple gels are presented. None of the parent selenocompounds affected the isolated proteins or extracellular matrix preparations studied here in the absence of added oxidant (data not shown). Samples for electrophoresis were prepared using NuPAGE ® Sample Buffer (20x) and NuPAGE ® Sample Reducing Agent (10x) according to the manufacturer's instructions (Invitrogen). For Coomassie Blue staining, the gels were fixed and stained using 0.1% (w/v) Coomassie R-250 in 40% (v/v) methanol and 10% (v/v) acetic acid followed by overnight incubation at 21°C on an orbital shaker. The staining solution was then removed and the gels were destained using 10% (v/v) ethanol in water. Gels were then scanned using a flatbed scanner.
For Western blotting, proteins were electroblotted onto nitrocellulose membranes using an iBlot ® transfer apparatus (Invitrogen).
The membranes were blocked with 1% (w/v) bovine serum albumin (BSA) in PBS with Tween 20 (PBST) for 1 h, and then incubated with a primary antibody diluted in blocking solution overnight at 4°C. Then, membranes were rinsed once for 5 min with PBST before incubation with an appropriate secondary HRP-conjugated antibody (1:5000 dilution) for 1 h with HRP-conjugated anti-rat (A10549; Invitrogen), antirabbit (NA934; GE) or anti-mouse (sc-2005; Santa Cruz, Dallas, TX, USA) IgG antibodies. Unbound HRP was removed by washing the membranes 4 times for 15 min with PBST followed by transfer to PBS, and then immune complexes were detected using Western Lightning Plus ECL reagent (NEL104001EA; Perkin Elmer, Waltham, MA, USA). Chemiluminescence images were obtained using the GeneSys software (Syngene) and a G: Box Chemi XR5 acquisition system. In some cases, re-probing of the membrane with multiple primary antibodies was performed, with the immune complexes stripped off the membrane by incubating with Restore™ Western Blot Stripping Buffer (Thermo Scientific) with stirring for 15 min and then re-probed as described above. In order to eliminate false positives, the membranes were also probed with only the secondary antibody and the detection of immune complexes performed as described above. The antibodies and the dilutions used, were: mouse anti-3-nitroTyr monoclonal antibody (clone HM11; Invitrogen; 1:1000 dilution), mouse anti-FN (clone A17, ab26254; Abcam, Cambridge, UK; 1:5000 dilution), rat monoclonal anti-laminin-111 antibody (clone AL-2; R & D Systems, Minneapolis, MN, USA; 1:15000 dilution), rabbit polyclonal anti-laminin (Ab11575; Abcam, Cambridge, MA; 1:2000); mouse anti-perlecan protein core (clone 5D7-2E4; Merck Millipore; 1:1000 dilution).
Statistics
All rate constants reported for 3-(arylselanyl)−1-H-indoles and 2-phenyl-3-(phenylselanyl)imidazo [1,2a] pyridine were derived from more than 3 independent experiments, using at least three different substrate concentrations. Data are expressed as mean ± standard deviation. Graphics were made using Graph Pad Prism 5.0 (GraphPad, LaJolla, CA, USA) and in some cases, the error bars are smaller than the symbols.
Results
Determination of rate constants for the reaction of HOCl, ONOOH and H 2 O 2 with selenocompounds
Reaction of HOCl (6 µM) with selenocompounds 1-5 (5-50 µM; see Fig. 1 for structures) was investigated using an adaption of previously established competition kinetics approach, with Fmoc-Met (5 µM) as the competing target [6] . A decrease in the yield of Fmoc-Met sulfoxide, which is generated on oxidation of Fmoc-Met, was detected with increasing concentrations of the selenocompounds present in the reaction mixture. Determination of the maximal yield in the absence of added scavenger (yield max ) and those in the presence of the selenocompounds (yield scavenger ) and analysis as outlined in the Materials and methods, gave plots ( Fig. 2A ) from which the rate constant for reaction of HOCl with the selenocompounds could be determined using k (HOCl + Fmoc-Met) 1.5 × 10 8 M −1 s −1 [6] . The resulting kinetic data are collected in Table 1 . The rate constants for reaction of ONOOH (50 µM) and H 2 O 2 (25 µM) with these selenocompounds were also investigated using a competition kinetics approach, with CBA as the substrate for oxidation. The conversion of CBA to COH in the absence and presence of the selenium-containing compounds was monitored by fluorescence . ONOOH and H 2 O 2 rate constants were determined competition kinetics using oxidation of CBA to COH, with fluorescence detection to quantify COH yields.
Errors bars for all points are expressed as standard error of the mean (n = 3); in some cases, the error bars are smaller than the symbols. [57, 58] . The resulting kinetic data are compiled in Table 1 .
Potential protection of model isolated proteins against protein damage induced by HOCl by selenocompounds
The kinetic data reported in Table 1 indicate that the tested selenocompounds react very rapidly with HOCl, with rate constants similar to those for the most reactive (Cys) residues present on proteins, and with rate constants considerably higher than for reaction with all other protein side-chains [9, 10, 59] . These data therefore suggest that these materials may afford protection to protein exposed to HOCl, if the selenocompounds are present at similar or greater molar concentrations; this was tested using the model protein HSA, by using SDS-PAGE to examine proteins modification. HSA (7.5 µM) was treated with various molar excesses of HOCl (10-, 30-, 40-, 50-, 60-, 70-, 80-, 90-, 100-fold) and then subject to electrophoresis on reducing gels. Significant loss of the parent band (Fig. 3A) , as indicated by Coomassie Blue staining, was observed with HOCl: HSA molar ratios of > 60:1 in line with previous data [53, 60] . On the basis of these data, 75-and 100-fold molar excesses of HOCl to HSA were chosen to test potential protective effects of the selenocompounds. The presence of increasing concentrations of compounds 1-5 (at 2-, 4-, and 8-fold molar excesses compared to HSA) afforded significant protection of HSA, as assessed by loss of the parent band, with significant differences detected with a 2-fold, or greater, molar excess of selenocompound over HSA (Fig. 3B and Supplementary  Fig. 2 ). Further studies were carried out exclusively with compound 5 due to the availability of this species.
Potential protection of isolated human plasma fibronectin (FN) against ONOOH-induced protein damage by selenocompound 5
Further information on the potential protective effects of selenocompound 5 was obtained using isolated ECM proteins, and the mixture of these species present in ECM laid down by human coronary artery endothelial cells (HCAEC). These materials have been shown to be damaged by ONOOH both in vitro and in vivo [34] [35] [36] 38] , and the extent of damage induced by ONOOH can be readily characterized using antibodies specific to defined native protein epitopes, and the (long-lived) modification product 3-nitroTyr.
Modification to isolated human derived FN (0.5 µM in 0.1 M phosphate buffer, pH 7.4) induced by increasing concentrations of ONOOH were assessed by SDS-PAGE followed by protein staining with Coomassie Blue, or Western blotting using antibodies against native FN (monoclonal antibody A17, which recognises a cell-binding region on FN that contains a Arg-Gly-Asp (RGD) sequence,) or 3-nitroTyr (monoclonal antibody HM11). The protein gels revealed a detrimental effect of ONOOH on FN structure, with a loss of staining intensity of the parent protein band with increasing oxidant concentration; this was most marked at the highest ONOOH concentration ( Supplementary  Fig. 3A ). The loss of the parent band was accompanied by the detection of cross-linked aggregates of~480 kDa and higher masses, at 10-fold or greater excesses of oxidant. Complementary data consistent with the above results were detected using the anti-FN antibody in Western blotting experiments, though these changes were detected at lower (equimolar) levels of ONOOH to protein (Supplementary Fig. 3B ). These changes were accompanied by increased levels of 3-nitroTyr ( Supplementary Fig. 3C ), which was detected at 10-fold or greater molar excesses of ONOOH, with significant staining of higher mass aggregates (~460 kDa and greater) detected with higher oxidant concentrations.
Based on these data, the protective effect of selenocompound 5, at 2-, 4-and 8-fold molar excesses over FN, was examined against damage mediated by 100-and 500-fold excesses of ONOOH. Coomassie Blue staining revealed that the presence of selenocompound 5 diminished the loss of the parent FN band, and decreased the intensity of the aggregate bands, resulting from exposure to ONOOH, with these effects occurring in a concentration-dependent manner with higher levels of selenocompound 5 (Fig. 4A) . Complementary data were obtained from Western blot analysis, with the loss of epitope recognition and formation of aggregates induced by the 100-and 500-fold molar excesses of ONOOH, decreased by selenocompound 5 (Fig. 4B) . The levels of 3-nitroTyr on both the parent protein and aggregate species, were also decreased in a dose-dependent manner with increasing concentrations of selenocompound 5 (Fig. 4C) . 
Selenocompound 5 protects laminin (LN) and perlecan (PL) against ONOOH-induced damage
In order to examine whether protection by selenocompound 5 is unique to FN, or is common to multiple ECM proteins, the potential role of selenocompound 5 in modulating damage to LN and PL was examined. LN (1 µM) was exposed to increasing molar ratios of ONOOH for 20 min at 21°C in either the presence or absence of selenocompound 5, in a similar manner to that described above for FN. The LN chains were then separated by SDS-PAGE, blotted on to membranes and probed with an anti-LN mAb by Western blotting. Two sets of bands were detected at~460 (α1-chain) and~220 kDa (β1-and γ1-chains) of LN-111 ( Supplementary Fig. 4A ). Exposure to increasing concentrations of ONOOH resulted in a significant loss of epitope recognition of the parent α1-, β1-and γ1-chains, and an increased level of high-molecularmass aggregates (> 460 kDa) detected as a smear at the top of the gel. Significant formation of 3-nitroTyr was also detected, with this occurring in a concentration-dependent manner starting with the lowest concentration of oxidant employed (Supplementary Fig. 4B ). This product was detected on the monomer α1-, β1-and γ1-chains, as well as on fragments with lower mass (~170,~75,~55 and~35 kDa) and highmolecular-mass aggregates (> 460 kDa).
Inclusion of selenocompound 5 at increasing concentrations, with a 100-fold molar excess of ONOOH, resulted in an increase in the recognition of the α1-chain and to a lesser extent the β1-and γ1-chains (Fig. 4D) . No significant protection was detected with a 500-fold molar excess of oxidant. This may reflect the higher molecular mass (and hence greater amount of protein target) of LN compared to FN. However, selenocompound 5 did significantly decrease the extent of 3-nitroTyr formation, in a concentration-dependent manner, induced by both the 100-and 500-fold molar excesses of ONOOH (Fig. 4E) . These data are consistent with selenocompound 5 decreasing ONOOH-mediated damage to LN in a similar manner to that observed with FN.
To determine whether protection extends to proteoglycans where the glyocaminoglycan chains may also be targets [20, 34, 37, 61] , studies were carried out with perlecan (PL), the major proteoglycan of many basement membranes [62] . Western blot analysis using a protein core antibody (5D7-2E4) revealed that ONOOH-treatment of PL resulted in broader and smeared bands when compared to native PL ( Supplementary Fig. 5A ), and the formation of higher mass aggregates. This treatment also resulted in dose-dependent 3-nitroTyr formation on both the parent protein and aggregated materials ( Supplementary  Fig. 5B ). Damage was most noticeable with the highest molar excess (1000-fold) of ONOOH employed, consistent with the high molecular mass of the intact proteoglycan. Selenocompound 5, at increasing concentrations, resulted in a dose-dependent increase in recognition of the core protein by the 5D7-2E4 antibody (Fig. 4F) , and a decreased level of 3-nitroTyr formation (Fig. 4G) .
Selenocompound 5 protects the complex ECM generated by HCAEC cells against ONOOH-induced damage
Native ECM synthesized by HCAECs in vitro (EC-ECM) was exposed to increasing concentrations of ONOOH (100-500 µM) in the absence or presence of selenocompound 5, followed by examination of binding of antibodies specific to particular epitopes. In line with a previous report [38] , 100 µM or higher concentrations of ONOOH gave rise to a significant loss of antibody recognition of FN (Supplementary Fig. 6A ) and LN ( Supplementary Fig. 6B ), when compared to native EC-ECM. ONOOH treatment resulted in a marked increase in recognition of the EC-ECM by the anti-3-nitroTyr antibody ( Supplementary Fig. 6C ), consistent with significant generation of 3-nitroTyr on the ECM proteins, with the yield increasing at higher concentrations of ONOOH.
The protective effect of selenocompound 5 against such damage was assessed by incubating EC-ECM with 2, 4 and 8 µM of this compound and 100 or 500 µM of ONOOH. The loss of recognition of the FN epitope induced by 100 µM ONOOH was prevented by selenocompound 5 in a concentration-dependent manner (Fig. 4H) . With 8 µM of selenocompound 5 the antibody reactivity to the cell-binding regions of the laminin isoforms present in the EC-ECM treated with 100 µM of ONOOH was maintained (Fig. 4I) . However, at this concentration, selenocompound 5 did not prevent the loss of FN and LN antibody recognition when 500 µM ONOOH was employed. In addition, it was observed that the increased 3-nitroTyr formation induced by 100 and 500 µM ONOOH was prevented by selenocompound 5, in a concentration-dependent manner (Fig. 4J) . 
Discussion
Biological systems are exposed to a wide range of radical and nonradical oxidants including HOCl, H 2 O 2 and ONOOH [1] . These oxidants can damage proteins, which are major component of many biological systems, as a result of the high rate constants for reaction of some of these species (e.g. HOCl and ONOOH) with amino acid side chains and the backbone of proteins [63, 64] . As a consequence, a large number of human pathologies have been linked with excessive oxidant production and/or a reduced rate or extent of damage removal/repair [1] . Determination of rate constants for oxidation of putative scavengers with these oxidants may therefore provide valuable insights into the therapeutic potential of new molecules. As sulfur-containing amino acids (Cys, Met and cystine) are major targets for many oxidants [63, 64] , there is considerable interest in the identification of species that have similar or greater reactivity, as such compounds might behave as competitive scavengers. Selenium-containing compounds have gained considerable attention, as selenium lies below sulfur in the periodic table, and is both a better nucleophile and more readily oxidized [45, 46] . Furthermore, when compared to the corresponding sulfurcontaining compounds, the oxidation products arising from selenocompounds are typically more readily reduced, allowing some of these species to show catalytic (greater than stoichiometric) activity in removing oxidants (e.g. [49, 50] ).
The two-electron oxidant HOCl is generated at high concentrations by the heme enzyme myeloperoxidase, that is released by activated neutrophils, monocytes and some tissue macrophages [5] . Cys and Met side-chains on proteins show very high reactivity with HOCl, when compared to other protein side-chains, DNA bases, lipids and most antioxidants, making these species particularly susceptible to modification [9, 10, 59] . The data presented here show that selenocompounds 1-5 react with high rate constants with HOCl, with values similar to those for the thioether function of Met [6] . These selenocompounds also react with HOCl faster than the antioxidants Trolox C (a water-soluble analogue of α-tocopherol; k 1. [59], a proposed antioxidant defence system against halogenated oxidants [66] ), and with a similar rate constant to ascorbate (6 × 10 6 M −1 s −1 ) [67] . However, the values for 1-5 are slower than those for Cys, selenocysteine and selenomethionine [6, 8] , suggesting that ) compared to Cys and Met [41] . Interestingly, the values for these novel selenocompounds are higher than for selenomethionine, and on par with selenocysteine, which may be of significance at sites where ONOOH is generated. The higher reactivity of these indolyl selenides compared to selenomethionine, which has alkyl substituents on the selenium atom, may reflect the conjugation of the selenium atom lone pairs with the neighbouring aromatic ring, and therefore an increased ease of oxidation of these species compared to selenomethionine. Using the CBA assay, data have also been obtained for reaction with H 2 O 2 . The k values for selenocompounds 1-5 are much lower than those for HOCl and ONOOH, but these values are significantly higher than those for Met [68] , but lower than those for Cys [69] .
These selenocompounds are also likely to undergo rapid reaction with radicals (see data reviewed in [43] ), but this has not been investigated here. Radicals such HO
. react with most biological targets with k values close to the diffusion limit (10 9 -
), and the values for selenocompounds 1-5 would be expected to be of a similar magnitude (see [43] ), suggesting that high concentrations of these selenocompounds would be required to provide significant protection against radical-mediated damage. As a consequence, the studies reported here have been concentrated on reactions of two-electron oxidants where there is a greater difference between the rate constants for reaction of the oxidant with the selenocompound compared to the biological targets.
As proteins are major targets for HOCl [11] , the selenocompounds were examined as potential protective agents against HOCl-mediated oxidation. HSA was chosen as a test protein due to its high abundance in plasma and other extracellular fluids. Previous studies have reported dose-dependent changes in amino acid composition, structure and conformation of HSA (and the related protein BSA) on exposure to HOCl [53, 60, 70, 71] . All the tested selenocompounds provided significant protection against 75-and 100-fold molar excesses of HOCl. Even the lowest concentration of the selenium species tested (15 μM, compared to 7.5 μM protein) afforded significant protection, as determined by staining of the parent protein band on SDS-PAGE gels, suggesting that these compounds are potent protective agents. This inhibition of damage with sub-stoichiometric levels of selenocompounds is of particular interest, and inconsistent with simple stoichiometric reaction. This may be due to rapid recycling of the parent (which is unlikely in these simple chemical systems) or "over-oxidation" (i.e. greater than one mole of oxidant consumed per mole selenocompound) of the initial reaction product which is likely to be the selenoxide. Further studies characterizing the products of these reactions are required to elucidate this point. Interestingly, and consistent with this argument, these selenocompounds afford protection at lower molar ratios than those reported previously for "stoichiometric" protective agents such as Trolox, GSH and ascorbic acid, which also afford protection against HOCl-induced BSA fragmentation [53] .
These selenocompounds react rapidly with ONOOH, and hence might afford protection against damage induced by this species at sites of inflammation [12] . Both ONOOH and ONOOCO 2 -, formed on reaction of ONOO -with CO 2 , have been shown to induce structural and functional modifications to extracellular proteins both in human atherosclerotic lesions and in vitro [33] [34] [35] [36] 38] . Like HOCl, ONOOH causes significant protein damage, and reacts rapidly with Cys and Met residues [17, 72] . However, ONOOH also induces damage to multiple other residues, including Tyr, Trp and some disulfide (cystine) residues [17, 72, 73] . Some of these reactions (e.g. nitration) occur via radical (one-electron) reactions, and whether the protection observed here against protein nitration arises from direct removal of the nitrating species (e.g. HO . and NO 2 .
) or the precursor (ONOOH) is not resolved and requires further study. Within cells, reaction with Cys residues is likely to predominate due to the high abundance of these residues on proteins and in GSH. However, external to cells (i.e. in plasma and the extracellular matrix) other targets are likely to be quantitatively important, due to the low abundance of Cys and Met in extracellular proteins. Evidence has been presented for an accumulation of damage on ECM proteins due to their high abundance, the low levels of protective enzyme outside cells, the relatively low rate of turnover of many ECM proteins, and a paucity of extracellular repair systems [33] . Therefore, compounds that react rapidly with ONOOH may represent a useful pharmacological approach against atherosclerosis and other inflammatory conditions. This was tested with selenocompound 5 as an example of this family of selenocompounds; studies were not carried out with the other compounds, but it is expected that these might behave similarly, though this requires investigation.
Significant dose-dependent ONOOH-mediated damage to FN, LN and PL was detected in line with previous reports [34] [35] [36] . These reactions modify the protein composition, structure and function, as evidenced by decreased antibody recognition of specific native protein epitopes, and the generation of high levels of 3-nitroTyr, a marker of ONOOH-mediated damage [12] . Selenocompound 5 provided significant protection to each isolated ECM protein, and the complex EC-ECM mixture, though the level of protection differed. With isolated FN, selenocompound 5 provided protection against damage induced by both 100-and 500-fold molar excesses of ONOOH, with increased recognition of the cell-binding epitope by a specific monoclonal antibody detected with increasing concentrations of selenocompound 5. This was accompanied by a decrease in Tyr nitration. Thus, selenocompound 5 may provide protection against decreased cell adhesion to FN induced by ONOOH. Protection by selenocompound 5 was also observed with isolated LN with moderate (100-fold), but not high (500-fold) molar excesses of ONOOH. The absence of observable protection against loss of native protein epitopes with the high oxidant dose is not altogether surprising, given the high molecular mass of this protein (and hence a high abundance of potential targets) and the excess of ONOOH over the concentration of selenocompound 5 employed (molar ratios of protein: oxidant: selenocompound of 1: 500: 8, and therefore a 62.5-fold excess of ONOOH over selenocompound 5). However, despite these ratios, significant protection by selenocompound 5 against Tyr nitration was detected with a 500-fold excess of ONOOH. As some of these Tyr residues (e.g. the laminin β1 chain Tyr residue present in the peptide YIGSR) are critically involved in endothelial cell adhesion, angiogenesis and spreading [74] , and are modified by ONOOH to give 3-nitroTyr [36] , selenocompound 5 may provide protection against the reduced cell adhesion to ONOOH-treated laminin [36] . Further work is needed to confirm this suggestion.
PL is also involved in adhesion of cells to vascular basement membranes, and their subsequent differentiation and proliferation, with some of the functions being dependent on the core protein, rather than the glycosaminoglycan chains, of this proteoglycan [75] . ONOOH has been shown previously to induce damage to both the protein core and the three attached heparan sulfate glycosaminoglycan chains [34] . The current data indicates that selenocompound 5 provides limited protection against core protein damage as evidenced by the detection of more defined (less smeared) parent protein bands, and less aggregated material, recognised by the antibody 5D7-2E4. This effect was most obvious with the highest concentration of selenocompound 5, suggesting that relatively high levels of selenocompound 5 are required to compete for the oxidant when compared to the large number of sidechains present on the PL core protein. This effect was accompanied by a dose-dependent decrease in 3-nitroTyr levels.
This protection against ONOOH-mediated damage prompted further studies on the ECM generated by HCAEC. ONOOH induced changes to this matrix in a dose-dependent manner, with a reduced recognition of FN and LN, and increased levels of 3-nitroTyr, detected by Western blotting, as reported previously [38] . No PL was detected in these ECM preparations (data not shown) using the 5D7-2E4 antibody, in contrast to a previous report [38] . Selenocompound 5 prevented the loss of reactivity against FN induced by a 100-fold molar excess of ONOOH, in a concentration-dependent manner. The addition of 8 µM selenocompound 5 also maintained the antibody reactivity of the cell-binding regions of laminins in this ECM when treated with 100 µM ONOOH, however this protection was incomplete. Selenocompound 5 did not protect against the loss of antibody recognition of FN and LN epitopes in the ECM exposed to a 500-fold molar excess of ONOOH, though less 3-nitroTyr formation was detected. These differences between the purified proteins and HCAEC-ECM are not surprising, given that the latter is more complex, with multiple potential targets, and has a 3-dimensional structure that may limit both oxidant accessibility to particular sites, and antibody access to specific epitopes. The nitration pattern observed for HCAEC-ECM is in accordance with previous data [38] , where at least one of the major bands detected has a similar molecular mass to parent LN. As the antibodies used to detect FN and LN recognize cell-binding epitopes, these data are consistent with significant modification of the cell-binding capacity of ONOOH-modified HCAEC-ECM [38] . The protection afforded by selenocompound 5 may indicate that this compound could prevent loss of cell adhesion induced by ONOOH. Such an action may be significant, as endothelial cell dysfunction, cell loss and poor re-endothelialisation are early markers of damage to the artery wall, and the development of atherosclerosis [76, 77] . Further studies with selenocompound 5 may therefore be warranted in models of atherosclerosis.
Taking together, these data suggest that these selenocompounds have high reactivity with inflammation-associated oxidants, with second order rate constants (k) that are equal or greater in magnitude than those for protein side-chains, with the exception of the reaction of HOCl with Cys and the rare amino acid selenocysteine (Sec). The ability of the compounds to protect HSA against HOCl-mediated damage may reflect these high values, even at the low levels of the selenocompounds employed. Furthermore, selenocompound 5 protected purified ECM proteins, and ECM laid down by HCAEC, against damage induced by ONOOH, suggesting that this compound may limit the loss of cell adhesion and matrix damage induced by ONOOH both in vitro and in vivo. These positive data suggest that the efficacy of these seleniumcontaining compounds should be examined in in vivo models, as they may represent new avenues for the treatment of diseases associated with oxidative damage and inflammation.
